Manning's roughness coefficient (n) has a significant impact on routing in hydrological models.
INTRODUCTION
Most recently used routing models have been based on the Saint Venant equations or their approximations, such as a kinematic wave, noninertia wave, linear diffusion-wave (Wang et al. ) and quasi-steady dynamic wave (Reggiani et al. ) . Manning's roughness coefficient, n, is one of the most important parameters in hydrological calculations representing the loss of energy in open channels. It is commonly used to calculate discharge and flood water elevations (Coon ) . Usually, the n value is a parameter of the routing module in a hydrological model, Manning's formula is used to calculate discharge and flood levels in equilibrium conditions. The value of n has an important effect on the accuracy of the simulated streamflow. However, n is difficult to obtain in natural basin (channels and slopes) because it incorporates many factors including vegetation density, riverbed irregularity, surface water width and soil component differences, which contribute to the resistance of flow. The values of Manning's roughness coefficients are different in channel and slopes, the main cause being that the landscape surface in slopes is rougher than channel (Cowan ; Azamathulla & Jarrett ) .
Hence, substantial attention has been focused on the roughness coefficient calculations in natural basins.
Generally, estimating the n value is subjective. Arcement & Schneider () presented tables of n values corresponding to different conditions. A general n value of various boundaries is shown at http://www.fhwa.dot.gov/ engineering/hydraulics/pubs/2008090/appb.cfm. However, this general n value is only an empirical coefficient that does not support quantitative calculation in a hydrological model. To quantitatively present the n value, the most widely used formula is Manning's formula if the observed velocity of the flow, hydraulic radius and friction slope can be obtained, as follows:
where v is the velocity of the flow (m/s), n is Manning's roughness coefficient, R is the hydraulic radius (m) and S f is the friction slope.
Equation (1) can be used to calculate uniform flow in which the water-surface profile and energy gradient are parallel to the riverbed, and the river cross-section area, hydraulic radius and depth remain constant throughout the river reach (Jarrett ).
Considering uncertainties, Cowan () proposed a formula using five parameters (n ¼ (n b þ n 1 þ n 2 þ n 3 þ n 4 )·m)
to represent the influence of different variable factors, where n b is a base value of n for a straight, uniform, smooth channel in natural materials; n 1 is a correction factor for the effect of surface irregularities; n 2 corrects for variations in the shape and size of the channel cross section; Some studies investigated the relationships between the distribution of the particle sizes and n (Limerinos ).
The roughness coefficient is not a constant because the water depth and vegetation density change during different seasons in a basin. However, current hydrological models often apply a static n in calculations, without considering its dynamic changes. The roughness coefficient is a sensitive parameter in hydrological models (Ye et al. ) . By contrast, some studies considered it to be an empirical parameter and calibrated the hydrological model by modifying the n value until the simulated discharge reasonably matched the observation (Mahmoudi et al. ) . The n value based on more physical mechanisms can decrease the model uncertainty and parameter sensitivity (Aronica et al. ) . There are obvious errors in the simulation for sub-basins, although the discharge simulation is satisfactory in large basin outlets because of equifinality for different parameter sets (Beven ) . To simulate a flash flood or low flow and avoid parameter over-optimization in each sub-basin, dynamic roughness coefficient estimation (high-accuracy n) is absolutely necessary even for a large scale basin.
To manage the n value over a relatively accurate range, some studies have divided river cross sections into different strips with uniform roughness coefficients based on the land cover classification, which were from aerial photos and field surveys, to calibrate the n value by comparison with the observed water levels (Kovacs et al. ; Tóth ;
Gichamo et al. ).
In this study, we tried to propose dynamic Manning's roughness coefficients (DMRC) and improve the routing of a hydrological model in basins.
The structure of the paper is as follows: immediately below the hydrological model and statistical method are described; a section introducing the data and study domain follows; next, a section presents the results and discussion; and the final section provides the conclusions.
METHOD DESCRIPTION
A new equation is proposed to simulate n using statistical analysis of the estimated n values from Manning's formula (Equation (1) 
Runoff module
The runoff module in DTVGM is based on the water balance principle by calculating evaporation, soil moisture, surface runoff, sub-surface runoff and base flow. The water balance equation is given as (Mao et al. ) :
where P is the precipitation (mm), AW is the soil moisture (mm), AW u is the upper soil moisture for a sub-basin (mm) (the subscript u means upper soil), AW g is the lower soil moisture for a sub-basin (mm), WM u is the upper field capacity (mm), Ep is the potential evapotranspiration, g 1 and g 2 are parameters (0 < g 1 < 1, 0 < g 2 ) where g 1 is the runoff coefficient when soil is saturated and g 2 is a parameter for soil water, C is a land cover parameter, which ranges between 0.1 and 1. The value of C can be calibrated by observed data or experiment. K r is the sub-surface runoff coefficient, K g is the groundwater runoff coefficient, j is the sub-basin number and i is the period of time.
Routing module
The kinematic wave model is used in the routing module of DTVGM (Ye et al. ) . The kinematic wave model simplifies the full de Saint Venant equations, where the friction term in the momentum equation is ignored. Therefore, it assumes that the friction and gravity forces balance each loam and sand percentages in soil, respectively; LAI is the leaf area index; i is the sub-basin number; k is the time step of iteration and t is the time.
other (Singh ) . Assuming that the friction slope (S f ) is equal to the slope (S 0 ) and the river flow unsteadily varied in open channels (Ye et al. a) , the continuity equation can be written as:
where A is the water flow cross-sectional area (m 2 ), t is the time (s), Q is the discharge (m 3 /s), x is the flow path (m) and q is the lateral inflow (m 2 /s).
The discharge at the water flow cross section is calculated based on Manning's formula and is shown below (Ye
where Q is the discharge of the flow (m 3 /s), R is the hydraulic radius and A is the water flow cross-section area (m 2 ).
The n coefficient is often a constant in traditional hydrological models and land surface models. However, the most optimal n for a model is not always equal to a constant, it changes dynamically with the changing water flow cross-section area and vegetation in improved hydrological models.
It is assumed that the cross-sectional average width and water depth are linearly dependent in channels (Coe et al.
; Paiva et al. ) and the slope is a very wide and shallow river, the cross-sectional width w is equal to the river
where h is the average water depth (m), w is the average water width (m) and a is a parameter determined by river attributes.
The discharge from the cross section can be computed as:
S 0 is the river bed slope (assuming that the friction slope S f is equal to the slope S 0 in order to simplify the model), the flow route length (Δx) is equal to the river length: Δx ¼ L, the large Δx may incur error in the application and dividing the river length into some segments can decrease the error, the inflow term q is equal to the lateral flow term Q s /L, Q s is the discharge (m 3 ·s À1 ) from the slope to the river of the sub-basin (the slope area is small, Q s is equal to runoff, or Q s can be calculated by slope routing model), and the finite difference representation of equation (@A=@t)
where A is the water flow cross-sectional area (m 2 ), Q I is the input discharge (m 3 ·s À1 ), Q O is the output discharge (m 3 ·s À1 ), and can be calculated as:
Combining Equations (6) and (7) with (8), we obtain:
If we set
where k is the time step of iteration.
Statistical analysis method
In prior research, the n value in Manning's formula was a function of the vegetation density, soil components, water depth and surface width of rivers (Moharana & Khatua ) . In this study, we analysed the relationships between n and the water depth and surface width using linear
regression. An optimal equation for calculating n was then derived based on multiple nonlinear regression. Experimental results have indicated that Manning's roughness coefficient n increases with the increasing vegetation density, which leads to higher flow resistance in natural channels and hillsides (Li et al. ) . The vegetation density is difficult to obtain in basins. However, the leaf area index (LAI) can be measured by remote sensing. Instead of the vegetation density, the LAI was used in this study to develop a formula for calculating the n. In the simulation process, the LAI was set to (LAI þ 1) to avoid calculation errors when the LAI equals zero in bare areas.
Stream bed roughness is associated with bed material, especially the particle size and distribution (Limerinos ). We selected a soil particle (clay, loam and sand content) dataset for the bed material information.
The final formula is as follows:
where c, l and s are the clay, loam and sand percentages in soil, respectively; LAI is leaf area index; A is the water flow cross-section area (m 2 ); g is the gravitational acceleration;
and p 1 , p 2 and p 3 are parameters. The roughness of the flood plain is higher than the roughness in the river because the river bed was washed clean with water; then, the p 1 of the flood plain was set to greater than the p 1 in the river when it was used in the hydrological model. p 2 can indicate the sensitivity of vegetation. The large p 2 shows that vegetation is sensitive to roughness. p 3 indicates that the cross sections are large or small or have sharp bends, constrictions, or side-to-side shifting of the low-water channel.
Equation (13) The 1stOpt search of optimization capability is stronger than that of other simulation software because it can find relatively accurate results from any initial value (Tang
Optimization of 1stOpt was applied to optimize a set of parameters in Equation (2).
There are three steps to calculate dynamic n: (1) reading the soil structure and LAI at t time, (2) deriving the water flow cross-sectional area using Newton iterations (Equation (13)) based on n t,kÀ1 , (3) using Equation (2) to calculate n t,k for the next iteration. Therefore, n is dynamic in the improved routing module.
Model performance measures
To evaluate the effectiveness of the simulation, the following four statistical indices are used: the relative Bias (rBias), correlation coefficient (R), Nash-Sutcliffe efficiency value (NSE) and root-mean-square-error (RMSE). They are evaluated by:
and
where Q 
DATA AND STUDY DOMAIN
The Yellow River is the second-longest river ( and improved (the model with dynamic n) model results.
We selected the three stations because it is very difficult to obtain more observed discharge data in other small catch- Limerinos () reported that the large particle size increased the roughness coefficient by using 11 catchment data sites in the USA.
To explore the relationship between the n value and water depth d and surface width w, scatter diagrams were produced to support the statistical analysis. Figure 6 shows the variation of n with the water surface width. The n value decreases with increasing water surface width, meaning that broader water surface width will generate lower flow resistance.
Roughness coefficient model calibration and validation
The hydrological stations shown in Figure 2 is too short, and we wanted to verify the improved method in different locations. Therefore, the observed data of 21 stations (A1-A21) were used to calibrate the parameters in Equation (2), and the data from the remaining 14 stations (A22-A35)
were used to validate the p 1 -p 3 parameters.
The values for p 1 , p 2 and p 3 of Equation (2) were 0.19 (0.475 in river), 0.2, and À0.15, respectively, according to the multiple nonlinear regression method. Equation (2) can be represented by Equation (11) with the substitution parameters.
The results of the calibration and the validation period are shown in Figure 7 . The correlation coefficient is 0.71 and the RMSE is 0.019 between the estimated and simulated n for the calibration (A1-A21). The correlation coefficient is 0.70 and the RMSE is 0.016 for the validation (A22-A35).
The results showed that the formula of Equation (2) for calculating n is reliable and that the parameters (p 1 , p 2 and p 3 )
are suitable for the Yellow River basin. There are different percentages of clay, loam and sand in each type of soil. With a large particle size, n is large in sand.
Furthermore, a high vegetation density contributes to the resistance of flow.
Validation of roughness coefficient in the DTVGM
In the DTVGM, each sub-basin is defined as a hydrological unit to calculate the runoff, roughness coefficients and routing. Except for the roughness coefficients, parameters in the raw (static n) DTVGM and improved (dynamic n) DTVGM are the same at the same station. Using the raw and improved DTVGM, we produced raw and improved simulated discharges. The improved and raw model performance indices are shown in Table 3 . The indices show that the improved model performs better than the raw model. The indices did not markedly increase in the large basin, but they obviously increased in a small catchment. To clearly justify why having a dynamic Manning's roughness is necessary, the flood peak anomaly percentage (FPAP, %) was used to compare the simulated flood peak at sub-basins from the improved and the raw models:
where Q dmax is the simulated flood peak with dynamic Manning's n (m 3 /s), Q smax is the simulated flood peak with static Manning's n (m 3 /s), and all other data and parameters are the same in the improved and the raw models. Figure 11 shows the spatial distributions of the flood peak anomaly percentage during 1998 to 1999 in the Yellow River basin. The FPAP is less than zero at the slope because the dynamic Manning's n is greater than the static Manning's n at the slope. However the FPAP is close to zero in the main river channel because the dynamic Manning's n is less than the static Manning's n in the river channel. The minimum FPAP is À45%, which shows that the simulated flood peak may have a large error at the slope with the static Manning's n, although the model has high performance at the basin outlet (Table 3 ).
The hourly flood peak is larger than the daily flood peak at the same time, and the hourly low flow is smaller than the daily low flow. The hourly n will be more variable than the daily n, resulting in a variable flow cross section (Equation (1)). Therefore, the hourly performance will be better than the daily performance using the dynamic n model. However, it is very difficult to obtain hourly discharge data over a long period. We will continue to study the hourly data in the future. n can now be used in other hydrological models or land surface models.
In the future, we will keep working to improve the roughness coefficient equation based on higher resolution data and other observed information. Additionally, we will develop a global routing in the land surface model using the new n scheme.
